Background: Brain derived proteins such as 14-3-3, neuron-specific enolase (NSE), S 100b, tau, phosphorylated tau and Aβ 1-42 were found to be altered in the cerebrospinal fluid (CSF) in Creutzfeldt-Jakob disease (CJD) patients. The pathogenic mechanisms leading to these abnormalities are not known, but a relation to rapid neuronal damage is assumed. No systematic analysis on brain-derived proteins in the CSF and neuropathological lesion profiles has been performed.
Background
In recent years, the analysis of the cerebrospinal fluid (CSF) has become increasingly important to support the clinical diagnosis in patients with sporadic CreutzfeldtJakob disease (sCJD). Various brain-derived proteins have been studied in the CSF to date, such as 14-3-3 proteins, gamma-enolase (neuron-specific enolase, NSE), tau, phosphorylated tau, S-100b and Aβ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . These studies were mainly focused on diagnostic aspects. Elevated levels of these proteins were used as surrogate parameters for neuronal damage (14-3-3, tau, gammaenolase) or astrocytic gliosis (S-100b), following the idea that CSF proteins reflect changes in pathological brain conditions.
Although a lot of information has been gained about abnormal CSF levels of these proteins, only few publications report on levels of particular proteins and disease stage or even brain pathology [12] [13] [14] [15] [16] . It was assumed that those protein levels correlate with neuronal damage or astrocytic gliosis. However, the question of whether particular protein level abnormalities reflect changes in certain brain areas affected has not been addressed so far.
In this study, we have investigated brain-derived proteins such as the physiological form of the prion protein (PrP C ), 14-3-3 proteins, tau, phosphorylated tau, NSE and S-100b in cerebrospinal fluid (CSF) in patients with sCJD with respect to the neuropathological lesion profile in these patients.
Methods

Study design Patients
The study population comprised 57 sporadic CJD according to criteria who were registered at the National Reference Center for TSE Surveillance in Göttingen from June 1993 to August 2003 with clinical data, CSF samples and brain lesion profile scoring available (see below) [17] [18] [19] . Iatrogenic and familial or genetic cases were excluded. Clinical data concerning sex, date of birth/death, age at disease onset, disease duration, date of lumbar puncture, were collected from examination protocols and medical charts.
The analysis of the codon 129 genotype of the prion protein gene (PRNP) was performed after isolation of genomic DNA from blood according to standard methods [20] . None of the cases carried a mutation (n = 55). Because the primary goal of the study was to analyze the correlation between brain lesion profiles and CSF markers and because only of the limited numbers of PrP Sc typing, data were not stratified by different molecular subtypes.
Neuropathology Nine brain regions were investigated for the degree of spongiform changes, gliosis and nerve cell loss. They comprised five cortical regions (medial frontal gyrus, cingulate gyrus, inferior temporal gyrus, inferior parietal gyrus and area striata and parastriata), three subcortical regions (caudate nucleus, putamen and medio-dorsal thalamus) and vermis cerebelli. An investigator blinded for clinical data classified the pathological changes semiquantitatively for each section (0-4 points for no change, mild, moderate, severe or maximal changes) [21, 22] . The intensity was estimated for spongiform changes and nerve cell loss. For gliosis, the quantity of glial proliferation, including nuclear pleomorphy and gemistocytic changes of the cytoplasm, was assessed. A status spongiosus with collapsing tisssue matrix, severe astrocytic gliosis and nearly complete nerve cell loss was considered as the maximal change. The reliability of the neuropathological scoring profiles was assessed before and revealed comparable results between the investigators in former investigations [22] .
Biochemical CSF analysis
The routine investigations of the CSF did not reveal any abnormalities with respect to cell count and protein profile.
All CSF samples were analyzed with respect to 14-3-3 proteins, neuron specific enolase (NSE), tau, phosphorylated tau, S-100b, PrP c and Aβ in the reference laboratory of the Surveillance Unit in Göttingen according to standards described previously [2, [23] [24] [25] [26] The 14-3-3 capture kit, Repairgenics, Bioproducts (Mainz, Germany, until July 2003, now Schwerin, Germany), was used for 14-3-3 detection, LIAISON ® NSE for NSE detection, LIAISON SANGTEC ® 100 for S-100b detection, INNOTEST™ hTauAg by INNOGENETICS for tau detection, INNOTEST™ Phospho Tau for the detection of the phosphorylated tau at residue 181, INNOTEST™ β-Amyloid (1-42) for Aβ-Amyloid. PrP c (comprising PrP C and potentially to minor degree PrP Sc ) concentrations were determined by using a commercially available ELISA for detection of the abnormal PrP Sc (Platelia BSE detecton kit, BIO-RAD Laboratories GmbH, Munich, Germany). The following modifications were made to the test protocol: the proteinase K digestion step, which is used to degrade the normal, but not the abnormal form of the prion pro-tein, was omitted, since we were interested in detecting all PrP c which was present in the sample. To quantify levels of PrP, a standard curve using recombinant human prion protein (Prionics AG, Zurich, Switzerland) was used in each experiment, according to another PrP-ELISA protocol [25, 27] .
NSE was determined in all 57 patients, tau protein in 56, phosphorylated tau in 33, S-100b protein in 54, Aβ in 41, PrP c in 45 and 14-3-3 in 51 cases.
Statistical analysis
A regression analysis with respect to the degree of neuropathological changes in all nine examined brain regions and the concentrations of the CSF markers was performed.
The statistics software package we used for our calculations was SigmaStat 3.1 and SigmaPlot 9.0 by Systat Software Inc., Point Richmond, USA. A linear regression and the calculation of the Pearson Product Moment Correlation Coefficient were performed for the analysis of any trends between neuropathological lesion profiles and concentrations of CSF markers.
Results
Study population
Clinical data on 57 sCJD cases and the CSF concentration of tau, phosphorylated tau, 14-3-3, S100b, NSE, PrP c and Aβ are given in Tables 1 and 2 . Looking at the time of the lumbar puncture within the whole disease course, 6 patients had their CSF taken in the first third, 12 patients in the second third and 39 patients during the last third of the disease course ( Table 1 ). The stratification of the data by time of lumbar puncture and the exclusion of single cases with extremely long disease duration or a lumbar puncture very early at onset did not change the results presented here (data not shown).
Correlation of neuropathological lesion profiles and concentrations of brain-derived proteins in the CSF
The degree of neuropathological changes (spongiform changes, neuronal loss and gliosis) in nine defined brain areas was analyzed. The severity of spongiform changes correlates with neuronal loss and gliosis (data not shown).
A regression analysis of the neuropathological lesion profiles and the concentrations of the CSF markers was carried out. The correlation coefficients were calculated and significant results (p ≤ 0.05) are indicated (Tables 3, 4, 5).
We analyzed if there is a correlation between the NSE concentration in the CSF and neuropathological changes. The NSE concentrations showed no correlation with the degree of spongiform change, gliosis and nerve cell loss in the cortical regions. However, elevated NSE levels correlated significantly with the degree of gliosis in the basal ganglia and cerebellum and with the degree of spongiform changes in the thalamus.
The tau protein levels correlated negatively with the degree of neuropathological changes in cortical regions. A positive correlation was also found between the degree of spongiform changes and gliosis in the cerebellum. The tau concentrations showed no correlation with the degree of spongiform changes and neuronal loss in the basal ganglia, in contrast to the degree of gliosis in the basal ganglia, where a positive correlation was found.
The levels of phosphorylated tau concentrations show negative correlations with the degree of neuropathological changes in cortical regions. A negative correlation was also found between the degree of neuronal loss and gliosis in the thalamic region, whereas a positive correlation was found between spongiform changes and the thalamus. Spongiform changes in the cerebellum correlated in a positive way with phosphorylated tau levels. No correlation was found between the degree of neuropathological changes and phosphorylated tau levels.
14-3-3 protein levels correlated negatively with the degree of spongiform changes in the cortical regions and with the degree of neuronal loss in the thalamus. The 14-3-3 protein levels showed a slightly positive correlation with the degree of spongiosis in the thalamus. For other brain regions, no correlation was observed.
The S 100b concentrations correlated negatively with neuropathological changes cortical regions and with the degree of gliosis and nerve cell loss in the thalamus. In contrast to this, a positive correlation was found with the degree of spongiform change in the thalamus and the degree of gliosis in the basal ganglia and cerebellum.
PrP concentrations in the CSF were negatively correlated with the degree of neuropathological changes in most cortical regions. A negative correlation was also found with the degree of gliosis and neuronal loss in the basal ganglia. The PrP levels correlated negatively with the degree of neuronal loss in the cerebellum and the degree of gliosis in the thalamus. However, PrP c levels correlated significantly in a positive way with the degree of spongiform changes in the cerebellum.
The Aβ 1-42 concentrations were negatively correlated with the degree of neuropathological changes in all cortical regions and the basal ganglia. A negative correlation was also found between the degree of neuronal loss and gliosis in the thalamus. Aβ1-42 concentrations correlated positively with spongiform changes in the cerebellum.
A synopsis on correlation of various brain-derived proteins and degree of pathological changes in various cortical and subcortical regions is shown in Table 6 . In general, for cortical lesions, NSE levels do not correlate with severity of pathological changes (they do not increase further with lesion severity), whereas all other proteins analyzed showed a tendency towards lower levels with the increasing severity of pathological changes. This effect was more pronounced for Aβ and neuronal loss in temporal regions, cingulated gyrus and parietal regions. The analysis of the pathological changes in subcortical areas showed more diverse results. The degree of pathological changes in the basal ganglia correlated with a tendency of NSE levels to increase and PrP c and Aβ 1-42 levels to decrease. The severity of neuronal loss and gliosis in the thalamus correlated negatively with concentrations of Aβ 1-42 , S-100b and phosphorylated tau levels. A positive correlation was seen for spongiform changes and levels of 14-3-3, NSE, S 100b, and phosphorylated tau. 
Discussion
In CJD patients, most attention has been concentrated on investigating the role and the biochemical properties of the pathological form of the prion protein (PrP Sc ) in central nervous system tissue. Brain derived proteins were mainly studied with respect to their clinical diagnostic potential rather than to reflect the severity of brain lesions in CJD. The mechanisms of elevation of brain-derived proteins in the CSF in patients with CJD and other acute neurological diseases are not known in detail and the current (yet unproven) hypothesis suggests a leakage into the CSF following rapid neuronal damage [1, 2, [28] [29] [30] .
The earliest markers studied in CJD were NSE and S 100b proteins, which were shown to be elevated in the CSF during the disease progression, but a subsequent study was done only in one patient with repeated lumbar punctures [13] . In other neurological diseases, high NSE levels in CSF and serum were used as a prognostic marker of acute neuronal damage (e.g. hypoxia or ischemia) and disease progression [31, 32] . In CJD, NSE concentrations increased to a maximum when the disease activity was most prominent and returned to normal or mildly elevated levels in the terminal stage [13] . These results imply that these protein levels can serve as biochemical markers for the presence of an acute neuronal loss in CJD brain [13] . In addition, other studies assumed that measurement of the NSE might correlate with the disease progression and NSE levels decrease with reduced numbers of remaining neuronal cells [15] .
We observed that NSE levels increase with severity of neuronal lesions already when only minor changes take place and they are clearly correlated to the damage of subcortical grey matter nuclei, in particular the thalamus, but also 467 (143-959) pg/ml 849 pg/ml *: data were taken according to the manufacturers instruction in cases where commercially developed kits are available, otherwise calculated based on results from non-neurological controls from our study (14-3-3 and PrP) the basal ganglia. Of interest, NSE levels increase when the degree of cortical and subcortical changes is small and do not increase further with more pronounced neuronal damage or gliosis of cortical structures. NSE was the only marker for which we observed such a correlation.
Elevated levels of protein 14-3-3 were reported in 80-95% of patients with sCJD [1, 2, 18] . The amount of 14-3-3 in the CSF is thought to be linked to the degree of neuronal destruction and to the disease stage. In our study, 14-3-3 levels correlated negatively with the degree of spongiform changes in cortical areas and with the degree of neuronal loss in the thalamus.
In our study, the highest correlation coefficients were obtained for Aβ concentrations and the degree of spongiform change, gliosis and nerve cell loss in the inferior temporal gyrus, the area striata and cingulate gyrus. Significant correlation was found for the degree of spongiform changes in the cerebellum and Aβ . There were also high correlations between phosphorylated tau concentrations and the degree of gliosis in most cortical regions, the degree of nerve cell loss in the area striata and the degree of spongiform change and nerve cell loss in the inferior parietal gyrus.
Tau and Aβ 1-42 levels were initially studied in patients with Alzheimer's disease and only later were shown to follow a similar pattern in CJD (elevated tau and decreased Aβ 1-42 levels). The pathogenesis of tau-elevation in the CSF in various forms of dementia is thought to be attributable to the degree of neuronal cell death [33] , but an early increase of CSF tau in AD is not explained by this hypothesis [34] . A recent study demonstrated that the CSF tau level correlates significantly with right frontal and left temporal cortical atrophy in Alzheimer's disease [35] . These results are partly in line with our observations in CJD on a significant correlation between tau levels and the degree of spongiform changes in the frontal cortex.
Tau protein levels in the CSF have been studied with respect to disease duration and disease stage in CJD [12, 36] . Tau concentrations were lower in CJD patients with a long duration of disease and were lowest at the onset or at the end stage of the disease [12] . Our data explain and extend this observation. After an increase with minor lesion severity, tau protein levels decrease, but stay abnormal in the CSF with more severe cortical lesions in CJD.
The PrP c concentrations showed a high correlation with the degree of gliosis and nerve cell loss in the area striata and the inferior temporal gyrus and with spongiform changes in the cerebellum. Levels of PrP c and Aβ clearly correlated with the degree of pathology in cortical structures, but not with basal ganglia and thalamic pathology in CJD. This pattern was consistent in the analysis of various cortical regions and the most striking effect was seen for Aβ 1-42 when compared to the degree of lesion severity in the temporal lobe and cingulate gyrus.
Conclusion
Taken together, we observed three different patterns of CSF protein levels associated with the degree of cortical and subcortical changes. The first one was seen for NSE. Levels increased with only mild cortical and subcortical changes and increased further with the degree of subcortical changes. Correlation between CSF levels of neuron-specific enolase and degree of neuronal loss in various brain areas Figure 1 Correlation between CSF levels of neuron-specific enolase and degree of neuronal loss in various brain areas. (------cut-off 12.5 ng/ml).
Correlation between tau CSF levels and degree of neuronal loss in various brain areas Figure 2 Correlation between tau CSF levels and degree of neuronal loss in various brain areas. (------cut-off 195 pg/ml).
Correlation between 14-3-3 CSF levels and degree of neuronal loss in various brain areas Figure 3 Correlation between 14-3-3 CSF levels and degree of neuronal loss in various brain areas. (------cut-off 200 ng/ml).
Correlation between PrP CSF levels and degree of neuronal loss in various brain areas Figure 4 Correlation between PrP CSF levels and degree of neuronal loss in various brain areas. (------cut-off 22 ng/100 ml).
Correlation between Aβ 1-42 CSF levels and degree of neuronal loss in various brain areas Figure 5 Correlation between Aβ 1-42 CSF levels and degree of neuronal loss in various brain areas. (------cut-off 849 pg/ml).
The second pattern was seen for tau and 14-3-3. There is a clear elevation of the levels of these proteins in the CSF in disease stages when the degree of spongiform changes, neuronal loss and gliosis in cortical areas are relatively small. In later stages, the levels correlate with the degree of neuronal damage in cortical structures and decline. One can only speculate on the mechanisms for this finding; a potential for increased synthesis or upregulation at early stages when the brain damage is relatively small cannot completely be excluded [37, 38] .
A completely different mechanism must be discussed for PrP c and Aβ . Normal levels are measured in the CSF for those proteins at initial stages. With increasing severity of cortical lesions they decrease. Levels of PrP c and Aβ levels are independent of the degree of the brain damage in subcortical areas. Since PrP c is mainly synthesized in neurons, one can assume that PrP c CSF levels are determined by the degree of neuronal loss, mainly in cortical areas [39] . Among the latter, pathological changes in the inferior temporal lobe seem to have the most effect on PrP c and Aβ 1-42 levels in the CSF.
To conclude, brain specific lesion patterns have to be considered when analyzing CSF neuronal proteins.
